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Résumé 

 

Des nanocubes et des nanofeuilles de [Cu2(ndc)2(dabco)]n de structure MOFs (ndc = 1,4-

naphthalene dicarboxylate; dabco = 1,4-diazabicyclo[2.2.2]-octane) ont été synthétisés en 

utilisant simultanément l‟acide acétique et la pyridine ou la pyridine uniquement, 

respectivement comme les modulateurs sélectifs. Cette approche permet de contrôler la 

croissance de nanocristaux MOFs sur les différentes directions pour la synthèse de taille et 

de forme contrôlée de MOFs dont la structure est composée de deux ou plus de molécules 

liantes en utilisant des modulateurs sélectionnés. Ces nanocristaux MOFs possèdent une 

cristallinité élevée et une grande capacité d‟adsorption de CO2 comparée aux matériaux 

MOFs de [Cu2(ndc)2(dabco)]n de forme de nano-barres générées en utilisant seulement 

l‟acide acétique comme le modulateur sélectif, qui est dû à l‟impact de l‟effet de 

morphologies sur leur capacité d‟adsorption. 
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Abstract 

 

Nanocubes and nanosheets of [Cu2(ndc)2(dabco)]n metal-organic framework (ndc = 1,4-

naphthalene dicarboxylate; dabco = 1,4-diazabicyclo[2.2.2]octane) were synthesized by 

using simultaneously acetic acid and pyridine or only pyridine, respectively, as selective 

modulators. This approach can tailor crystal growing on different directions for the size- 

and shape-controlled synthesis of MOF nanocrystals whose structure is composed of two or 

more types of linkers using selective modulators. These MOF nanocrystals exhibit high 

crystallinity and higher CO2 uptakes compared to that of the bulk MOF material or of the 

[Cu2(ndc)2(dabco)]n nanorods generated by using only acetic acid as the selective 

modulator, which may be due to the morphology effect on their gas sorption properties. 
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5.1 Introduction 

 

Porous metal-organic framework (MOF) crystals have emerged as potential candidates in a 

number of practical applications such as drug delivery,
1
 biomedical imaging,

2
 sensing

3
 and 

gas adsorption.
4
 In comparison with bulk materials, nanostructured MOFs exhibit unique 

shape- and size-dependent properties such as more accessible active sites, short diffusion 

pathways within the porous nanocrystals, and the ability to functionalize the external 

surfaces of MOF nanocrystals.
3b,5,6

 

 

A number of synthetic methods have been reported for the preparation of MOF 

nanoparticles including microemulsions,
4b,7

 surfactant-mediated methods,
8
 microwave-

assisted routes,
1a

 and sonochemistry.
9
 However, the precise control over the shape and size 

of MOF nanoparticles still remains challenging. Recently, selective coordination 

modulation approaches have been reported to synthesize MOF nanocrystals using a single 

capping reagent (so-called modulator).
10,11

 For example, nanosized MOF-5 has been 

synthesized using p-perfluoromethylbenzenecarboxylate (pfmbc) as a modulator.
10a

 

Because MOF-5 is constructed from one type of linker (i.e., 1,4-benzenedicarboxylic acid) 

and Zn4O clusters, it has an isotropic framework with only one coordination mode.
12

 In the 

presence of the pfmbc, the carboxylate functionality of the modulator can impede the 

coordination between the zinc and the linkers to regulate the rate of the framework 

extension. Since the pfmbc also binds isotropically to the particle surface, such process can 

yield spherical/cubic MOF-5 nanocrystals. Tsuruoka et al. reported the synthesis of 

[Cu2(ndc)2(dabco)]n nanorods (ndc = 1,4-naphthalene dicarboxylate; dabco = 1,4-

diazabicyclo[2.2.2]octane) using acetic acid as the modulator.
10b

 Because the acetic acid 

selectively impedes the Cu-ndc coordination, nanorods are obtained solely. 

 

The selective modulation methodology has been also used to control the shape and size of 

MOF crystals at the micrometer scale. Umemura et al. have recently reported the 

morphology-controlled synthesis of [Cu3(btc)2]n octahedron, cuboctahedron and cubic 

microcrystals (btc = benzene-1,3,5-tricarboxylate) with a mean size of about 2 m by 

changing the concentration of modulator (n-dodecanoic acid or lauric acid).
13

 The control 
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over the shape and size of MOF microcrystals was also achieved with additives that allow 

the protonation or deprotonation of the organic linkers. For example, the introduction of 

bases such as diethylamine, triethylamine and acids such as acetic acid or HNO3 allows 

adjusting the particle formation rate and the size and shape of microcrystals.
14

 

 

Recently, we reported a new method for the synthesis of uniform MOF nanocrystals with 

controllable size and aspect ratio (length/width) using nonionic triblock copolymer F127 

and acetic acid as stabilizing and deprotonation-controlling agents, respectively.
15

 The 

alkylene oxide segments of the F127 copolymer can coordinate metal ions and stabilize the 

MOF nuclei in the early stage of the formation of MOF nanocrystals, and acetic acid can 

control the deprotonation of carboxylic linkers during the synthesis, thus enabling the 

control of the nucleation rate, leading to tailored size and aspect ratio of nanocrystals. 

 

Scheme 5.1 Coordination modulations toward [M2(dicarboxylate)2(N ligand)]n MOF 

nanocrystals with controlled morphologies. 

 

Route 1: Simultaneous modulation of metal-carboxylate and metal-nitrogen coordination 

modes using both monocarboxylic acid and amine to prepare nanocubes. 

Route 2: Selective modulation of metal-nitrogen mode using only amine toward 

nanosheets. 

Route 3: Selective modulation of metal-carboxylate mode using only monocarboxylic acid 

toward nanorods. 
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Inspired by the methods for the synthesis of semiconductor nanocrystals,
16

 crystalline 

MOFs constructed from two or more types of linkers (i.e., having different coordination 

modes), such as [M2(dicarboxylate)2(N-ligand)]n,
17

 could have controllable nanoscale size 

and shape using simultaneously different selective modulators. Herein, to demonstrate our 

approach we have chosen the three-dimensional [Cu2(ndc)2(dabco)]n MOF, composed of 

two distinct linkers,
17a

 as a member of [M2(dicarboxylate)2(N ligand)]n MOF series. This 

MOF crystallizes in a tetragonal space group (P4/mmm), in which the dicarboxylate ligands 

(ndc) link the metal ions in the square paddle-wheel dicopper clusters to form two-

dimensional square lattices, which are connected by the bidentate nitrogen pillar ligands 

(dabco) at the lattice points. Hence, the structure is dominated by two coordination modes: 

copper-ndc on the four (h00) and (0k0) facets and copper-dabco on two remaining (00l) 

facets. This allows modulating simultaneously the coordination modes of copper-ndc and 

copper-dabco by monocarboxylic acids and amines, respectively. Monocarboxylic acid, 

such as acetic acid, having the same carboxylate functionality as the ndc linker impedes the 

coordination interactions between copper and ndc in the [100] direction, whereas amine 

containing a nitrogen atom with a lone pair similar to that of dabco impedes the 

coordination between copper and dabco in the [001] direction. As a result, both the [100] 

and [001] directions of the crystal growth can be regulated to form nanocubes using both 

modulators (Scheme 5.1, Route 1), instead of using a single modulator: pyridine for 

nanosheets (Route 2) and acetic acid for nanorods (Route 3). 

 

5.2 Experimental 

 

Chemicals: Copper(II) acetate monohydrate (99%), 1,4-naphthalenedicarboxylic acid 

(94%), 1,4-diazabicyclo[2.2.2]octane (99%), pyridine (99%), and N,N-

dimethylformamide (DMF, 99.8%) were purchased from Sigma-Aldrich. Acetic acid 

(99.7%) was purchased from Fisher Scientific. All chemicals were used as received without 

further purification. 

 

Synthesis: For a typical synthesis of [Cu2(ndc)2(dabco)]n nanocubes, a solution of 70 mg of 

1,4-naphthalenedicarboxylic acid (0.06 M), 18 mg of 1,4-diazabicyclo[2.2.2]octane (0.03 
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M) and 0.38 mL of pyridine (0.9 M) in 5 mL of DMF was poured into a solution of 90 mg 

of Cu(CH3COO)2H2O (0.06 M) and 0.26 mL of acetic acid (0.6 M) in 7.5 mL of DMF in a 

glass vial under vigorous stirring. The synthetic mixture was stirred for 30 min before 

transferred into an autoclave and subsequently heated at 100 °C for 24 h. The resulted 

product was filtered, washed several times with anhydrous ethanol, and dried at 75 °C 

overnight. 

 

The same process was applied to synthesizing [Cu2(ndc)2(dabco)]n nanosheets. In this 

synthesis, a solution of 70 mg of 1,4-naphthalenedicarboxylic acid (0.06 M), 18 mg of 1,4-

diazabicyclo[2.2.2]octane (0.03 M) and 0.70 mL of pyridine (1.5 M) in 5 mL of DMF was 

first poured into a solution of 90 mg of Cu(CH3COO)2H2O (0.06 M) in 7.5 mL of DMF. 

The subsequent process was exactly the same as that for the nanocubes. 

 

For the benchmark, the bulk [Cu2(ndc)2(dabco)]n material was also prepared. First, a 

solution of 70 mg 1,4-naphthalenedicarboxylic acid (0.06 M) and 18 mg 1,4-

diazabicyclo[2.2.2]octane (0.03 M) in 5 mL DMF was poured into a solution of 90 mg 

Cu(CH3COO)2H2O (0.06 M) in 7.5 mL DMF. The subsequent steps were performed the 

same as that for the nanocubes and nanosheets. 

 

Characterization. Transmission electron microscopy (TEM) images were obtained using a 

JEOL JEM 1230 microscope operating at 120 kV. Samples for TEM measurements were 

prepared by depositing each drop of the dispersions of the products in anhydrous ethanol 

onto a carbon-coated copper grid (200 mesh). The excess of the solvent was wicked away 

with a filter paper, and the grids were then dried in air. Powder X-ray diffraction (XRD) 

patterns were collected on a Bruker SMART APEX II X-ray diffractometer with Cu K 

radiation ( = 1.5406 Å  in the 2θ range 5  30° at a scan rate of 1.0
o
 min

-1
. 

Thermogravimetric analysis (TGA) was carried out with a Q5000 thermal analysis 

instrument (TGA Q5000) from room temperature to 600 °C with a heating rate of 5 °C 

min
‒1

 under an air flow of 25 mL min
‒1

. The adsorption-desorption of N2 at 77 K and of 

CO2 at 273 K were performed with a Quantachrome Autosorb-1 system. The products were 

outgassed under vacuum at 373 K overnight before the gas sorptions. The 
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Brunauer‒Emmett‒Teller (BET) surface area was calculated from the experimental 

pressure range identified by established consistency criteria reported by Walton and Snurr 

for MOFs,
18

 herein the 0.05‒0.2 P/Po range of linearity of the N2 adsorption isotherm. The 

pore volume was calculated as the N2 uptake at the relative pressure of 0.9. 

 

5.3 Results and discussion 

 

Nanocubes of [Cu2(ndc)2(dabco)]n MOF were achieved by using simultaneously acetic acid 

and pyridine as selective modulators. Figure 5.1 shows TEM images of a series of samples 

prepared with different pyridine concentrations, while keeping the same acetic acid 

concentration at 0.6 M. At pyridine concentrations less than 0.6 M, nanocubes along with 

nanobars and nanorods were observed (Figure 5.1a and Figure S5.1). However, at higher 

pyridine concentrations (≥0.6 M) only nanocubes were produced (Figure 5.1b-d). The 

three-dimensional shape of the MOF nanocrystals was determined from TEM images 

oriented differently toward the incident electron beam.
19

 The size of nanocubes decreases 

slightly with increasing the pyridine concentration, from 100  35 nm at 0.6 M to 80  20 

nm at 1.2 M pyridine. However, uniform size and well-defined nanocubes were observed at 

0.9 M pyridine (Figure 5.1c). 

 

In the presence of 1.5 M pyridine without acetic acid, the formation of nanosheets was 

observed (Figure 5.2 and Figure S5.2).  This is attributed to the selective modulation of 

pyridine for the copper-dabco mode. On the contrary, in the absence of pyridine at the same 

acetic acid concentration (0.6 M), only nanorods were yielded (Figure S5.3) as previously 

reported by Kitagawa et al., due to the selective modulation of acetic acid for copper-ndc 

mode.
10b

 

 

Therefore, the formation of the nanocubes in our approach suggests that pyridine has a role 

in modulating the copper-dabco coordination on the two (00l) facets and impedes the 

crystal growth in the [001] direction, whereas acetic acid plays a role in modulating the 

copper-ndc mode on the four remaining (h00) and (0k0) facets and thus suppresses the 
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crystal growth in the [100] direction. As a result, the crystal growth in both the [100] and 

[001] directions is regulated simultaneously to yield nanocubes. 

 

 

 

Figure 5.1 Morphology evolution of [Cu2(ndc)2(dabco)]n nanocrystals prepared at 0.6 M 

acetic acid with various concentrations of pyridine: (a) 0.3 M; (b) 0.6 M; (c) 0.9 M and (d) 

1.2 M. The scale bar is 200 nm. 

 

 

 

Figure 5.2 TEM images of [Cu2(ndc)2(dabco)]n nanosheets prepared in the presence of 1.5 

M pyridine without acetic acid. 
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When the pyridine concentration was kept unchanged (e.g., 0.6 M) at acetic acid 

concentrations less than 0.6 M, nanocubes with non-uniform sizes along with nanobars 

were found (Figure S5.4a). However, at higher acetic acid concentrations ( 0.6 M), only 

nanocubes were yielded (Figure 5.1b and Figure S5.4b, c). The size of the nanocubes 

decreases slightly with an increasing concentration of acetic acid. It has been reported that a 

larger amount of the modulators enables a larger external surface area of the nanocrystals to 

be capped,
10b

 leading to smaller nanocubes when prepared at higher pyridine and acetic 

acid concentrations. 

 

 

 

Figure 5.3 XRD patterns for [Cu2(ndc)2(dabco)]n nanocubes prepared by keeping the acetic 

acid concentration (0.6 M) unchanged with various concentrations of pyridine: (a) 0.6 M; 

b) 0.9 M; (c) 1.2 M; (d) the nanosheets prepared at 1.5 M pyridine without acetic acid; (e) 

the nanorods prepared at 0.6 M acetic acid without pyridine and (f) the simulated pattern 

created from CIF file.
17a
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The XRD patterns for a series of the nanocubes prepared by keeping unchanged the 0.6 M 

acetic acid concentration but varying the concentration of pyridine, along with the 

nanosheets fabricated with 1.5 M solution of pyridine in the absence of acetic acid, exhibit 

intense diffraction peaks that match those of the simulation, indicating highly crystalline 

nanomaterials (Figure 5.3). It is also noted that the relative ratios of peak area for the (001) 

reflection of the nanocubes and of the nanosheets are smaller than that of the nanorods. 

This is attributed to the suppression of the crystal growth along the [001] direction of the 

nanocubes and the nanosheets in the presence of pyridine. 

 

 

 

Figure 5.4 Gas adsorption (solid symbols)-desorption (open symbols) isotherms of N2 at 77 

K (a) and CO2 at 273 K (b) for [Cu2(ndc)2(dabco)]n nanocubes prepared at 0.6 M acetic 

acid and 0.6 M pyridine (circles); for the nanosheets prepared at 1.5 M pyridine without 

acetic acid (triangles); for the nanorods prepared at 0.6 M acetic acid without pyridine 

(diamonds); and for the bulk MOF material (squares). 

 

The adsorption and desorption of N2 at 77 K and CO2 at 273 K for the nanocubes prepared 

at 0.6 M acetic acid and 0.6 M pyridine, the nanosheets prepared at 1.5 M pyridine without 

acetic acid and the nanorods prepared at 0.6 M acetic acid without pyridine are shown in 

Figure 5.4 and Table 5.1. The obtained results indicate that the BET surface area and pore 

volume of the nanomaterials are greater than those of the bulk MOF material. As seen in 

Figure 5.4b, the nanomaterials have a high CO2 uptake at 273 K and 1 bar.
20

 Interestingly, 

a)

P/Po

0.0 0.2 0.4 0.6 0.8 1.0

N
2
 a

d
s
o
rb

e
d
 /
c
m

3
g
-1

0

100

200

300

400

500

Pressure (bar)

0.0 0.2 0.4 0.6 0.8 1.0

C
O

2
 a

d
s
o
rb

e
d
 /
c
m

3
g
-1

0

40

80

120 b)

Bulk material

Nanorods

Nanosheets

Nanocubes 



 

121 

the nanocube and nanosheet samples show slightly higher CO2 uptakes than that of the bulk 

and the nanorod materials at 273 K and 1 bar (Table 5.1); even if the BET surface area and 

pore volume of the nanocube sample are lower than those of the nanorod one. Lee et al. 

have reported that the gas sorption property of MOF microcrystals can vary according to 

crystal morphology or exposed surfaces.
21

 Therefore, in the case of [Cu2(ndc)2(dabco)]n 

nanocrystals, it is expected that the nature of the exposed crystal facets terminated by the 

different modulators and the orientation of the two porous channels of the MOF structure 

relative to these exposed facets will lead to a differentiation  in N2 and CO2 uptakes. TGA 

profiles indicate the same thermal stability of the nanocubes, nanosheets and nanorods, up 

to 270 °C (Figure S5.5). 

 

Table 5.1 Porosity and CO2 uptake of the nanocrytals and the bulk material. 

 

Sample 

Modulator Concentration 

(M) 
BET surface 

area (m
2
g

-1
) 

Pore volume 

(cm
3
g

-1
) 

CO2 uptake at 1 bar, 

273 K (mmolg
-1

) 
Acetic acid Pyridine 

nanocubes 0.6 0.6 1040 0.50 5.0 

nanosheets 0 1.5 1175 0.54 4.8 

nanorods 0.6 0 1180 0.56 4.3 

bulk material 0 0 916 0.47 3.5 

 

To investigate the capability to modulate of other amines, including tertiary and primary 

amines, for the control of the morphology of the nanocrystals, we employed triethylamine, 

n-dodecylamine, n-octylamine, and methylamine while keeping the same 0.6 M acetic acid 

concentration. However, the introduction of these amines in the synthetic mixture did not 

completely yield cubic nanocrystals (Figure 5.5). This can be due to their weak competition 

with the dabco linker for interaction with copper dimers, these amines being worse ligands 

than pyridine. Moreover, these aliphatic amines could be protonated and rendered inactive 

by acetic acid. 
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For pyridine, the lone pair on its nitrogen atom is in the same plane and in the same 

direction with the dipole moment and conjugates with the  electrons of the aromatic ring; 

these may induce the nitrogen atom to compete with that of dabco linker for the 

coordination to the metal ions.
22

 As seen in Figure 5.5, in the case of triethylamine with 

concentrations less than or equal to 0.6 M, a precipitate containing nanocubes along with 

nanobars was formed. However, higher concentrations of triethylamine only yielded a 

reddish orange solid probably caused by the reduction of copper ions. With the other 

amines such reduction occurred at a much lower amine concentration (at 0.1 M) and the 

coordination modulation for copper-dabco mode eventually did not occur. As a 

consequence, only nanorods were produced. 

 

 

 

 

Figure 5.5 TEM images of [Cu2(ndc)2(dabco)]n nanocrystals fabricated in the presence of 

amines with 0.6 M acetic acid. (a-c) The different concentrations of triethylamine: (a) 0.1 

M, (b) 0.3 M, (c) 0.6 M, (d)  0.1 M n-dodecylamine, (e) 0.1 M n-octylamine, and (f) 0.1 M 

methylamine. The scale bar is 500 nm. 
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5.4 Conclusions 

 

We demonstrated the simple coordination modulation approach for the rational synthesis of 

nanocubes and nanosheets of [Cu2(ndc)2(dabco)]n MOF whose structures are composed of 

two coordination modes (metal-carboxylate and metal-amine modes) using simultaneously 

selective modulators (acetic acid and pyridine) or only one selective modulator (pyridine), 

respectively. The introduction of selective capping reagents that can cap different facets of 

growing MOF crystals allows us to prepare nanocrystals with controlled morphologies. In 

MOF chemistry, a large number of structures have crystal facets with intrinsically distinct 

chemical features that allow different functionalities to adhere selectively onto the facets.
23

 

Such methodology allows to tailor relative ratio of exposed crystal faces. 

  

5.5 Appendix 

 

 

 

Figure S5.1 TEM images of [Cu2(ndc)2(dabco)]n nanocrystals prepared at 0.6 M acetic acid 

with the concentration of pyridine at 0.1 M (a) and 0.45 M (b). The scale bar is 200 nm. 
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Figure S5.2 TEM images of [Cu2(ndc)2(dabco)]n nanosheets prepared in the absence of 

acetic acid with the concentration of pyridine at 1.5 M. The scale bar is 200 nm. 

 

 

 

Figure S5.3 TEM image of [Cu2(ndc)2(dabco)]n square nanorods prepared at 0.6 M acetic 

acid in the absence of pyridine. 
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Figure S5.4 TEM images of [Cu2(ndc)2(dabco)]n nanocrystals prepared at 0.6 M pyridine 

with the concentration of acetic acid at 0.3 M (a); 0.9 M (b) and 1.2 M (c). The scale bar is 

200 nm. 

 

 

 

Figure S5.5 TGA curves for [Cu2(ndc)2(dabco)]n nanocubes prepared at 0.6 M acetic acid 

with 0.6 M pyridine (a), for the nanosheets fabricated at 1.5 M pyridine in the absence of 

acetic acid (b) and for the nanorods prepared by 0.6 M acetic acid without pyridine (c). 
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